Abstract The hypothalamic paraventricular nucleus (PVN) is a crucial region involved in maintaining homeostasis through the regulation of cardiovascular, neuroendocrine, and other functions. The PVN provides a dominant source of excitatory drive to the sympathetic outflow through innervation of the brainstem and spinal cord in hypertension. We discuss current findings on the role of the PVN in the regulation of sympathetic output in both normotensive and hypertensive conditions. The PVN seems to play a major role in generating the elevated sympathetic vasomotor activity that is characteristic of multiple forms of hypertension, including primary hypertension in humans. Recent studies in the spontaneously hypertensive rat model have revealed an imbalance of inhibitory and excitatory synaptic inputs to PVN presympathetic neurons as indicated by impaired inhibitory and enhanced excitatory synaptic inputs in hypertension. This imbalance of inhibitory and excitatory synaptic inputs in the PVN forms the basis for elevated sympathetic outflow in hypertension. In this review, we discuss the disruption of balance between glutamatergic and GABAergic inputs and the associated cellular and molecular alterations as mechanisms underlying the hyperactivity of PVN pre-sympathetic neurons in hypertension.
Introduction
The hypothalamic paraventricular nucleus (PVN) is a heterogeneous nucleus comprising different types of neurons controlling neuroendocrine and autonomic functions. These neurons play important roles in integrating hormone release and neuroendocrine regulation [1, 2] , and sympathetic drive under pathological conditions such as hypoxia, heart failure, and hypertension. Using neuronal tracing approaches, the neuroanatomical connections between the PVN and other brain regions involved in cardiovascular regulation have been illustrated. Particularly, the preautonomic neurons in the PVN directly project to the intermediolateral column (IML) in the spinal cord [3] , the rostral ventrolateral medulla (RVLM) [4] , and the nucleus of the solitary tract (NTS) [5] , suggesting a critical role of PVN in autonomic regulation. With regard to neuronal function, the excitability of pre-sympathetic PVN neurons is finely tuned by both inhibitory (GABAergic) and excitatory (glutamatergic) synaptic inputs. In hypertension, impaired GABAergic input and/or enhanced glutamatergic input result in hyperactivity of the pre-sympathetic PVN neurons and elevated sympathetic outflow. The cellular and molecular mechanisms involved in the hypothalamic regulation of blood pressure and sympathetic activity in hypertension induced by angiotensin II and a high-salt diet, gene mutation, and obesity include increased activity in the renin-angiotensin system [6] [7] [8] [9] [10] , enhanced oxidative stress [9, 11, 12] , augmented orexin signaling pathways [13] , reduced small-conductance Ca 2? -activated K ? channel function [14] , and activated inflammatory pathways [9] . Based on recent findings in our laboratory, we discuss the neuronal mechanisms underlying the hyperactivity of presympathetic PVN neurons and the contribution of impaired synaptic inputs to the PVN in elevated sympathetic overflow in spontaneously hypertensive rats (SHRs).
Outputs and Inputs of Pre-sympathetic PVN Neurons
The pre-sympathetic PVN neurons, which project directly to the RVLM and IML, are predominantly distributed in the dorsal and medial parvocellular regions of the PVN [15] . These regions contain fibers and terminals from adrenergic/noradrenergic regions in the NTS (A2 and C2 cell groups) and the ventrolateral medulla (A1 and C1 groups) [16, 17] , and receive direct inputs from the medial part of the central amygdala [18] and the arcuate nucleus [19] . Moreover, the medial parvocellular region in the PVN is heavily innervated by afferents from the forebrain median preoptic nucleus [20] and the circumventricular organs, especially the subfornical organ and organum vasculosum of the lamina terminalis [21, 22] . Through these afferents, information on the pressure, volume and oxygen level, as well as chemical signals including angiotensin II and hyperosmolality, converges on and is integrated in the PVN [20, [23] [24] [25] [26] . In addition, presympathetic PVN neurons receive excitatory and inhibitory synaptic inputs from local neuronal circuits within the PVN. Neuronal tracing studies have demonstrated that presympathetic PVN neurons project to regions involved in the regulation of autonomic functions including the IML in the spinal cord [3] , the RVLM [4] , and the NTS [5] . The distribution of the pre-sympathetic PVN neurons is topographically related to the target organs. For example, the pre-sympathetic neurons regulating cardiac sympathetic outflow are located more medially in the dorsal division of the PVN [4] and some distance from those that regulate the adrenal gland [27, 28] . Particularly, some pre-sympathetic PVN neurons provide dual projections to sympathetic nerves that control the heart and adrenal glands [29] , and some pre-sympathetic neurons send efferents to the RVLM and spinal cord [30] . The majority of pre-sympathetic PVN neurons are parvocellular, and previous studies using a combination of retrograde tracing and either immunohistochemical staining or in situ hybridization have shown that pre-sympathetic neurons also express dynorphin, enkephalin, vasopressin, oxytocin, and corticotropin-releasing factor [31] [32] [33] . Together, this anatomical and neurochemical diversity of pre-sympathetic PVN neurons indicates a wide range of activities in the regulation of cardiovascular functions.
Gamma-aminobutyric acid (GABA) and glutamate are the predominant excitatory and inhibitory neurotransmitters in the central nervous system, and the excitability of pre-sympathetic PVN neurons is finely regulated by these synaptic inputs [34, 35] . The inhibitory actions of GABA are mediated primarily through ionotropic GABA A receptors and metabotropic GABA B receptors. When activated by GABA, GABA A receptors increase the conductance for anions such as Cl -and HCO 3 -to hyperpolarize the membrane potential. Activation of the postsynaptic GABA B receptors increases the outward K ? currents through an activated K ? conductance [36] , while activation of presynaptic GABA B receptors decreases the synaptic transmitter release [37] . The excitatory glutamate receptors are divided into ionotropic receptors, which include N-methyl-D-aspartate receptors (NMDARs), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), and kainate receptors, as well as metabotropic glutamate receptors (mGluRs). In the following section, we review recent findings on synaptic plasticity in the PVN in SHRs, a commonly-used animal model of primary hypertension.
Role of the PVN in Regulating Sympathetic Outflow Under Normotensive and Hypertensive Conditions
Sympathetic outflow is critically regulated by the firing activity of pre-sympathetic PVN neurons, and the activity of these neurons is tightly regulated by inhibitory and excitatory synaptic inputs. Under normotensive conditions, the pre-sympathetic PVN neurons are predominantly innervated by GABAergic inputs [38, 39] , because microinjection of a GABA A antagonist such as bicuculline or gabazine significantly increases the mean arterial pressure (MAP) and sympathetic nerve activity (SNA) in a dose-dependent manner in rats [39] and conscious sheep [38] ; conversely, muscimol, a GABA A agonist, when microinjected into the PVN, significantly decreases the MAP, renal SNA, and heart rate (HR) in anesthetized Wistar-Kyoto (WKY) [40] and Sprague-Dawley rats [41] . However, microinjection of the ionotropic glutamate receptor antagonist kynurenic acid, an NMDAR antagonist and/or a non-NMDAR antagonist does not significantly change the MAP and SNA in normotensive WKY rats [42] . These findings suggest that GABAergic input is the predominant innervation of pre-sympathetic PVN neurons under physiological conditions.
The SHR is an ideal animal model to investigate the role of neuronal plasticity in elevated sympathetic outflow [43] . In 1991, Kazuo and colleagues [44] found that electricallyinduced lesions of the PVN lower the arterial blood pressure in SHRs, and PVN lesions significantly attenuate the depressor effects of ganglionic blockade in SHRs, indicating that the PVN is an important central source driving sympathetic outflow during the development of hypertension in SHRs [44] . In contrast to the synaptic inputs under normotensive condition, glutamatergic inputs to pre-sympathetic PVN neurons are profoundly enhanced, while GABAergic inputs are significantly decreased in SHRs. In this regard, blocking glutamate ionotropic receptors, including NMDARs or non-NMDARs, in the PVN remarkably decreases the lumbar SNA, MAP, and HR in SHRs but not in normotensive WKY rats [42] . Depressor effects have also been reported after PVN microinjection of selective antagonists against mGluR1 or mGluR5 in SHRs but not in WKY rats [45] . Thus, the glutamatergic inputs to the pre-sympathetic PVN neurons are tonically increased in SHR. Furthermore, although inhibition of GABA A receptors in the PVN by gabazine increases the MAP, lumbar activity, and HR in SHRs, the pressor level in SHRs was significantly smaller than that in WKY rats [39] , suggesting that the GABAergic inputs to the PVN are decreased in SHRs. Taken together, the imbalance of increased glutamatergic inputs and decreased GABAergic inputs to the pre-sympathetic neurons results in augmented sympathetic drive from the PVN in SHRs.
GABAergic Plasticity in Pre-sympathetic PVN Neurons in SHRs
The GABA A receptor-mediated inhibition is impaired in the PVN of SHRs. The frequency and amplitude of GABA A -mediated inhibitory postsynaptic currents and the evoked GABA A current are significantly lower in the pre-sympathetic PVN neurons of SHRs than in normotensive WKY rats [46] . In addition, blockade of GABA A receptors by bicuculline or gabazine decreases or does not significantly change the firing activity of pre-sympathetic PVN neurons in SHRs, but profoundly increases the firing activity of PVN neurons in WKY rats [46] . These data suggest that the function of GABA A receptors is impaired in the pre-sympathetic PVN neurons of SHRs. The reasons for this impairment may be reduced presynaptic GABA release [34, 47] and/or decreased numbers of GABA A receptors, or loss of GABAergic neurons under hypertensive conditions [48] .
One [49] [50] [51] . The mRNA and protein levels of NKCC1, but not KCC2, in the PVN are markedly increased in SHRs [52] . The upregulation of NKCC1 results in an increase in [Cl - ] i , which leads to a depolarizing shift of E GABA in pre-sympathetic PVN neurons and impairs GABAergic inhibition in the PVN of SHRs [52] (Fig. 1) . Furthermore, NKCC1 protein on the plasma membrane in the PVN of SHRs is highly glycosylated, and inhibiting NKCC1 N-glycosylation normalizes E GABA and restores the GABA inhibition of pre-sympathetic PVN neurons in SHRs. This finding suggests that N-glycosylation is a crucial posttranslational modification for functional NKCC1. In addition, central application of bumetanide, an NKCC1 inhibitor, decreases sympathetic outflow and recovers the GABA A receptor-mediated sympathoinhibitory responses in the PVN of SHRs. In another rat model of hypertension, deoxycorticosterone acetate-salt hypertensive rats, E GABA in the PVN vasopressin neurons is also shifted to depolarization and associated with an upregulation of NKCC1 protein levels in the PVN. Inhibition of NKCC1 by intracerebroventricular injection of bumetanide delays the development of hypertension induced by deoxycorticosterone acetate-salt treatment [53] . These findings suggest that upregulation of NKCC1 in the PVN is responsible for the impaired GABAergic inhibition in hypertension.
The metabotropic GABA B receptors are distributed in both pre-and postsynaptic sites in the PVN. Recent evidence has demonstrated that GABA B receptor function in the PVN is increased in SHRs, because microinjection of baclofen, the GABA B receptor agonist, into the PVN produces a greater inhibitory effect on sympathetic outflow in SHRs than in WKY rats [34] , while the GABA B receptor antagonist CGP55845 increases the firing activity of presympathetic PVN neurons in SHRs but has no effect on the PVN neurons in WKY rats [46] . In addition, the GABA B receptor agonist baclofen induces a larger membrane hyperpolarization and outward currents in the pre-sympathetic PVN neurons in SHRs than in WKY rats [34] . These findings suggest that the GABA B receptor is upregulated in the PVN and tonically activated to regulate the excitability of pre-sympathetic PVN neurons in SHRs [46] . GABA B receptors are distributed in presynaptic terminals and can regulate the release of both glutamate and GABA. Electrophysiological data suggest that the synaptic glutamate release to pre-sympathetic PVN neurons under GABA B receptor control is enhanced, while the GABAergic synaptic inputs under the control of presynaptic GABA B receptors are attenuated in SHRs compared with normotensive control rats [34] .
Glutamatergic Plasticity in Pre-sympathetic PVN Neurons in Hypertension
Both in vivo and in vitro evidence has demonstrated that glutamatergic synaptic transmission is enhanced in the PVN in the control of sympathetic outflow under hypertensive conditions. Blocking ionotropic glutamate receptors in the PVN has little effect on sympathetic vasomotor tone in normotensive rats, but profoundly reduces the sympathetic output and MAP in SHRs [42] . In addition to SHRs [54] [55] [56] , enhanced glutamatergic synaptic input in the PVN has been found in salt-sensitive [57] and angiotensin II-induced hypertension [6, 58] . In brain-slice recording, the frequency of glutamatergic miniature excitatory postsynaptic currents (mEPSCs) in pre-sympathetic PVN neurons is profoundly higher in SHRs than in normotensive WKY rats. Blocking NMDARs with D-2-amino-5-phosphonopentanoate remarkably attenuates this increase in mEPSC frequency in SHRs, suggesting that the NMDAR-mediated presynaptic glutamate release is enhanced in the pre-sympathetic PVN neurons in SHRs [35] . Because blocking NMDARs fails to change the frequency of mEPSCs in PVN neurons in normotensive WKY rats, NMDAR-mediated presynaptic glutamate release to pre-sympathetic PVN neurons is latent under normotensive conditions but becomes tonically activated in SHRs [55, 56] .
NMDARs are located presynaptically and postsynaptically in the central nervous system. Postsynaptic NMDAR activity in pre-sympathetic PVN neurons is also enhanced in hypertension. Currents induced by the puff application of NMDA are markedly larger in spinally-projecting PVN neurons in SHRs than in WKY rats [35, [54] [55] [56] . Blockade of NMDARs significantly reduces the firing activity of presympathetic PVN neurons in brain-slice preparations and reduces sympathetic vasomotor activity in SHRs [34, 42, 45] . In addition to SHRs, ablation of NMDAR subunit GluN1 in the PVN attenuates angiotensin IIinduced hypertension in mice [59] , suggesting that NMDARs in the PVN play an important role in angiotensin II-induced hypertension.
Regulation of Ionotropic NMDAR Phosphorylation by Kinase
Phosphorylation and de-phosphorylation, the reciprocal processes produced by kinases and phosphatases, are fundamental mechanisms of regulating NMDAR activity across the central nervous system [60] [61] [62] [63] [64] . Tyrosine kinases such as Src kinase [55] , and serine/threonine protein kinases such as casein kinase I (CK1) [65] , casein kinase II (CK2) [56] and Ca 2? /calmodulin-dependent protein kinase II (CaMKII) [54] are critically involved in the enhanced NMDAR activity in pre-sympathetic PVN neurons in SHRs. Src kinase can phosphorylate the Tyr-1325 in the NR2A subunit [66] . The increased Src kinase activity enhances both the presynaptic and postsynaptic NMDAR activity in the PVN neurons that project to the RVLM in SHRs, because inhibition of Src kinase significantly attenuates the increased frequency of mEPSCs and currents elicited by puff application of NMDA, and decreases the firing activity of these neurons [55] . In addition, inhibition of Src kinase decreases the MAP and SNA in SHRs, but not in WKY rats [55] .
CK2 and CaMKII phosphorylate NR2B subunits at different residues, Ser-1480 and Ser-1303, respectively [67] . The protein levels of both are increased in the PVN in SHRs [54, 56] . Also, both are involved in the enhanced synaptic NMDAR activity in pre-sympathetic PVN neurons in SHRs [54, 56] . Blocking CK2 or CaMKII activity significantly attenuates the currents elicited by puff application of NMDA and NMDAR-mediated mEPSCs, and decreases the firing activity of sympathetic PVN neurons in SHRs [54, 56] . In anesthetized SHRs, inhibition of CK2 or CaMKII activity in the PVN leads to a greater decrease of MAP and SNA in SHRs than in normotensive WKY rats [54, 56] . It seems that NMDARs are phosphorylated by Src, CK2, and CaMKII at different residues and all phosphorylation leads to a similar increase in NMDAR function in pre-sympathetic PVN neurons in SHRs. Src kinases can phosphorylate the tyrosine residues in the CK2 catalytic subunits to increase CK2 activity [68] , thus, inhibition of both Src and CK2 activity produces a similar decrease in NMDAR activity in pre-sympathetic PVN neurons [68] .
The phosphorylation levels of NMDAR are tightly regulated by the protein kinases and phosphatases as well as their reciprocal interactions. NMDAR activity can be inhibited by protein phosphatases such as PP1/2A [6] and/ or PP2B (calcineurin) [69, 70] and increased by inhibition of these phosphatases. We recently found that a CK1 inhibitor increases the currents elicited by puff application of NMDA, NMDAR-mediated EPSCs, and the firing activity of pre-sympathetic PVN neurons in WKY rats but not in SHRs [65] . Inhibiting PP1/2A or PP2B activity mimics the effect of CK1 inhibition on NMDAR activity in PVN neurons, and the CK1 inhibitor does not produce a further increase in NMDAR activity after inhibition of PP1/2A and PP2B in pre-sympathetic PVN neurons [65] . The protein level of CK1e in the PVN is significantly decreased in SHRs, and the CK1 inhibitor increases NMDAR activity in the pre-sympathetic PVN neurons of WKY rats but not in SHRs [65] , suggesting attenuated CK1 activity in the PVN of SHRs. Decreased CK1 activity in the PVN may result in increased phosphorylation of NMDARs in SHRs. Because CK1 does not directly phosphorylate NMDARs [71] , it may potentiate the activity of protein phosphatases such as PP1/2A [6] and/or PP2B to decrease the phosphorylation level of NMDARs [69, 70] .
In a recent study, we discovered that a2d-1-bound NMDARs in the hypothalamus are critically involved in the augmented sympathetic outflow in both angiotensin IIinduced hypertension and SHRs [72, 73] . a2d-1, an auxiliary subunit of the voltage-dependent Ca 2? channel, is a powerful regulator of NMDARs through direct interaction with NMDARs [74] . Increased a2d-1-bound NMDARs in the hypothalamus in SHRs contribute to increased pre-and postsynaptic NMDAR activity and augmented sympathetic outflow in hypertension [73] . a2d-1-bound NMDARs also play a role in autonomic dysregulation in the angiotensin II-induced enhancement of NMDAR activity in the PVN. Angiotensin II augments sympathetic vasomotor tone and increases excitatory glutamatergic inputs to pre-sympathetic PVN neurons by stimulating a2d-1-bound NMDARs at synapses in normal rats and mice [72] . Ablation of the Cacna2d1 gene eliminates the angiotensin II-induced augmentation of NMDARs in the PVN (Fig. 2) . The interaction between a2d-1-bound NMDARs and protein kinases in the regulation of NMDAR activity in hypertension is currently unknown. Because increased phosphorylation can strengthen protein-protein binding complexes, it is possible that certain protein kinases potentiate the phosphorylation of a2d-1 and/or NMDAR proteins to promote their physical interactions by changing their physicochemical properties, stability, and dynamics.
Regulation of Ionotropic AMPARs
AMPARs are critical in mediating fast glutamatergic synaptic transmission. AMPARs in the PVN of SHRs undergo a switch to a Ca 2? -permeable form. AMPARs without the GluR2 subunit are permeable to Ca 2? and are voltage-dependently blocked by intracellular polyamines [75] [76] [77] , whereas AMPARs containing the GluR2 subunit are impermeable to Ca 2? [77, 78] . AMPAR-mediated EPSCs display inward rectification at positive holding potentials in spinally-projecting PVN neurons in SHRs [79] . Furthermore, the amplitude of AMPAR-mediated EPSCs and the excitability of spinally projecting PVN neurons are substantially reduced by a selective Ca 2? -permeable AMPAR blocker, 1-naphthyl acetyl spermine, in SHRs but not in WKY rats [79] , suggesting that increased Ca 2? -permeable AMPAR activity contributes to the hyperactivity of pre-sympathetic PVN neurons in SHRs [79] . This increased activity of Ca 2? -permeable AMPARs and augmented NMDAR activity can result in increased [Ca 2? ] i levels in pre-sympathetic PVN neurons in SHRs.
Regulation of Metabotropic Glutamatergic Receptors
Excessive glutamate release activates mGluRs in the PVN of SHRs and regulates sympathetic outflow in hypertension [80] . Group I mGluRs (mGluR1 and mGluR5) are coupled to Gq/11 proteins, and activation of group I mGluRs increases neuronal excitability and synaptic neurotransmitter release via signaling pathways that include protein kinase C. Antagonism of mGluR5 receptors in the PVN has a greater inhibitory effect on SNA and MAP than that of an mGluR1 receptor antagonist in SHRs. These data suggest that mGluR5 receptors play a dominant role in maintaining the elevated sympathetic vasomotor activity in SHRs [80] . In addition, mGluR5 mRNA and protein expression levels in the PVN are markedly higher in SHRs than in WKY rats [45] . Blocking NMDAR activity in the PVN largely attenuates the sympathoexcitatory response to administration of a group I mGluR agonist into the PVN [45] , suggesting that activation of group I mGluRs excites presympathetic PVN neurons by activating NMDARs. In summary, recent findings from in vitro brain-slice studies have revealed the molecular and cellular mechanisms of synaptic plasticity in the pre-sympathetic PVN neurons in animal models of essential hypertension. The imbalance of augmented glutamatergic inputs and diminished GABAergic inputs serves as the cellular and molecular basis of hyperactivity in pre-sympathetic PVN neurons, which leads to the elevated sympathetic outflow in hypertension.
Perspectives
The treatment for essential hypertension is still challenging because the mechanisms have not been fully elucidated. The pre-sympathetic PVN neurons serve as a major source of sympathetic drive. In normotensive animals, these neurons do not contribute to the resting sympathetic nerve activity and blood pressure under normotensive conditions, but do contribute to the increased sympathetic vasomotor activity in hypertension. The increased excitability of presympathetic PVN neurons is a consequence of enhanced glutamatergic inputs and/or impaired GABAergic inputs to these neurons (Fig. 3) . Recovery of the balance between these excitatory and inhibitory synaptic inputs may attenuate the sympathetic outflow and decrease the blood pressure in hypertension. However, targets among the signaling mechanisms responsible for the increased NMDAR and Ca 2? -permeable AMPAR activity, such as Fig. 2 a2d-1-bound NMDARs in the hypothalamus are critically involved in the augmented sympathetic outflow in both angiotensin II-induced hypertension and SHRs. Fig. 3 Imbalance of inhibitory and excitatory synaptic inputs leads to hyperactivity of presympathetic PVN neurons in SHRs.
kinase inhibitors, lack specificity. Because glutamate and GABA receptors are crucial for many physiological functions, targeting these receptors produces intolerable adverse effects. Thus, specific protein kinases or NMDARinteracting proteins responsible for abnormal NMDAR activity in the PVN warrant further study for treating neurogenic hypertension. The impaired GABAergic inputs include down-regulation of GABA A receptors, depolarization of the GABA reversal potential due to enhanced NKCC1 activity, and decreased GABA B receptor activity. The enhanced glutamatergic inputs include increased activity of presynaptic NMDAR-mediated glutamate release and increased postsynaptic NMDAR activity due to phosphorylation by kinases including CK1, CK2, Src, and CaMKII. In addition, the increased proportion of Ca 2? -permeable AMPARs and the increased activity of mGluR5 also contribute to the hyperactivity of pre-sympathetic PVN neurons in SHRs. The impaired GABAergic inputs and enhanced glutamatergic inputs tilt the pre-sympathetic PVN neurons to an excitatory state that results in heightened sympathetic outflow and hypertension in SHRs.
